Diclofenac is a commonly used anti-inflammatory drug, which has been found in surface waters. Advanced oxidation processes (AOPs) seem to be the most suitable technique to prevent the entry of diclofenac and other pollutants into surface waters. TiO 2 is especially reliable in mineralizing many organic molecules. The combination of TiO 2 nanotubes with a polymer microfiltration membrane (polyethersulfone, PES) showed high photocatalytic activity by degrading diclofenac combined with an excellent membrane performance and long-term stability. By continuously degrading pollutants from water via a cross-flow setup, the molecules to be degraded are transported right to the membrane surface so that the overall reaction rate is increased. The toxicity of diclofenac was reduced by photocatalysis and photolysis; however, photocatalysis had greater impact. Moreover, the complete degradation of pollutants is very important to avoid highly toxic intermediate products.
Introduction
Water is essential for all living forms on the earth. Access to clean and fresh water is especially important and has therefore been declared by the United Nations General Assembly as a human right (Resolution 64/292). The industrialization and growth of the human population in the last centuries has led to an increasing demand for clean water, but simultaneously more and more pollutants have entered the water cycle. Waste water treatment plants (WWTPs) do clean the water from many pollutants, but the increasing entry of emerging contaminants (e.g. pharmaceuticals, personal care products, steroid hormones, industrial chemicals, and pesticides) was not properly considered when designing today's WWTPs and do pass through the cleaning process due to their persistency and/or their continuous introduction. 1 Therefore, many of these compounds enter the water cycle and harm wildlife and human life. The increasing identication of many pharmaceuticals in surface and drinking water has led to an increased concern and the investigation of the occurrence, fate and removal of pharmaceuticals from water. 2, 3 More than 150 drugs have been found in waste, surface and ground water. 4 Diclofenac is one of the most oen detected pharmaceuticals in the environment at concentrations in the surface water ranging from 0.14 to 1.48 mg L À1 . 5 As a non-steroidal anti-inammatory drug, it reduces inammation and relieves pain in patients. Because diclofenac is one of the most used painkillers and WWTPs do not completely eliminate it from the waste water (<0 to 81.4%), 1 it was one of the rst pharmaceuticals found in the aquatic environment. 6 Therefore, in 2013 diclofenac and two estrogenic hormones were included in the watch list of the European Union (Directive 2013/39/EU).
To successfully remove diclofenac from wastewater, Vieno et al. 7 suggested a tertiary treatment step in WWTPs. Advanced oxidation processes (AOPs) show a high efficiency in cleaning recalcitrant wastewater [8] [9] [10] and could be an ideal tool to completely remove diclofenac. AOPs generate strongly oxidizing hydroxyl radicals (OHc) that mineralize organic molecules. 11 The AOP technique UV/TiO 2 has the additional advantage of mineralizing a wide range of organic compounds to water and carbon dioxide at ambient temperature and pressure. Contrary to other AOPs, however, it does not need activation by hydrogen peroxide or termination by quenching agents. [8] [9] [10] [11] [12] TiO 2 can be suspended in a reaction mixture (Type A reactor) 13, 14 or it can be xed to a support material (Type B reactor, e.g. quartz, membrane). [15] [16] [17] [18] Suspended TiO 2 has a larger surface area compared to the attached TiO 2 , but the TiO 2 has to be ltered and re-suspended from the water, which is expensive and time consuming. Type B reactors can be used in a one-step process but the photocatalytic activity is decreased due to the loss of overall surface area associated with immobilizing the TiO 2 . The design of smart TiO 2 morphologies (e.g. nanotubes, nanospheres, bers) increases the photocatalytic activity and makes type B reactors attractive and effective. TiO 2 nanotubes are particularly expected to be the promising structural design used to overcome the drawbacks because of their high surface-area-to-volume ratio, short distance for charge carrier diffusion and high photon-collection efficiency. [19] [20] [21] [22] Because membrane systems are oen applied to purify water and to separate TiO 2 particles in Type A reactors from cleaned water, they could even support TiO 2 itself. 18, [23] [24] [25] [26] Thus, the degradation of pollutants via TiO 2 could be performed in a one-step process.
Recently, we have shown the synthesis via anodization of TiO 2 nanotubes on an organic membrane (polyethersulfone, PES). 26 The TiO 2 nanotubes were strongly attached to the membrane and showed high photocatalytic activity in degrading methylene blue. In this study, we show the photocatalytic ability of nanotubular TiO 2 -PES membranes to degrade diclofenac not only in a stationary setup, but also in a cross-ow mode. In a cross-ow setup the molecules to be degraded (diclofenac) are transported directly to the reaction location, where OH radicals are produced. The stability of the nanotubular TiO 2 -PES membrane was tested and a change in permeation ux was observed. The change in water contact angle was monitored and was due to the effect of crystallization of the TiO 2 nanotubes. The toxicity of intermediate products during photocatalysis and photolysis was tested by examining the viability of yeast cells (Saccharomyces cerevisiae). Yeast is a suitable test organism to monitor the toxicity of substances in water with a high sensitivity comparable to standard test systems like Daphnia magna and Vibrio sheri. [27] [28] [29] [30] [31] 
Experimental

Materials
Polyethersulfone membrane (Millipore Express® PLUS Membrane Filters, HPWP14250, pore size 0.45 mm) was obtained from Merck Millipore. Ethylene glycol ($99%, for synthesis) was purchased from Carl Roth GmbH + Co. KG. Ammonium uoride (for analysis EMSURE® ACS) was received from Merck KGaA. Palladium foil (99.9%, 1 mm thick), palladium wire (99.9%, 1.0 mm diameter) and titanium foil (99.6%, 0.05 mm thick) were purchased from ChemPur Feinchemikalien und Forschungsbedarf GmbH. Deionized water was obtained from a Milli-Q water ltration station (Millipore). Diclofenac sodium salt was received from the Cayman chemical company ($99%). Baker's yeast (hydrated; Saccharomyces cerevisiae) was purchased from Fala GmbH, while uorescein diacetate and D(+)-glucose anhydrous was obtained from Sigma Aldrich.
Synthesis of TiO 2 nanotubes
The synthesis of TiO 2 nanotubes on a silicon wafer (for contact angle measurements) and PES membrane has been described elsewhere. 26 Briey, the PES membrane was rst sputtered with titanium (thickness of 900 nm; Leybold Z 400). The electrolyte solution (ethylene glycol, ammonium uoride 1.3 wt% and water 2 vol%) was aged via the anodization of titanium before the actual anodization of the membrane. The membrane was anodized by placing it in a two-electrode conguration, with a constant voltage of 30 V. The formation of TiO 2 nanotubes on the PES membrane needed further modication to generate TiO 2 nanotubes on a larger membrane area (60 Â 70 mm). In contrast to the previously used method, 26 the part of the membrane that is at the border of air and electrolyte was cooled with an iced metal block (sealed with paralm), to avoid the generation of high temperatures. The membrane was kept in the electrolyte solution aer termination of the anodization for up to 30 min. The anodized support was rinsed with deionized water and washed twice for 15 min with deionized water before drying in air.
TiO 2 was crystallized with water at low temperatures, and with water vapor at 110 C for 1 h. 26 
Characterization
The morphology of the TiO 2 nanotubes was characterized using a eld emission scanning electron microscope (FESEM; Zeiss Ultra 55).
The water permeation ux was examined with a stainless steel pressure lter holder (16249, Sartorius, Germany) for deadend ltration. The membrane (active area: 17.35 cm 2 ) was compacted with 0.5 bar and ultrapure water (100 mL). Time was monitored and the water permeation ux was calculated with the following equation:
where J is the permeation ux (mL min À1 cm À2 bar À1 ), V is the volume (mL), t is time (min), A is the surface area of the membrane (cm 2 ) and p is the pressure (bar). The contact angle of the TiO 2 nanotubes was measured on Si wafers to obviate the capillary forces of the membrane. The commonly used method to press the membrane to a at lm 32 in order to avoid capillary forces would destroy the TiO 2 nanotubes. The static water contact angle was measured with the sessile drop method on a DSA II (Krüss, Germany). A drop (5 mL) was placed onto the Si wafers with a micro syringe.
The binding of TiO 2 nanotubes to the surface was analyzed by rinsing the membrane surface with water. The membrane was xed via double-sided tape to the inside of a glass beaker (80 mL), and 50 mL of water was added. The water was magnetically stirred at a high rate (1400 rpm) for 1 h so that a high force was established against the nanotubes. The surface of the membrane was examined via SEM before and aer stirring.
The photoactivity of the TiO 2 nanotubes on the PES membrane was tested in a static and a cross-ow experiment.
For the static experiment, the membranes were cut into circles (25 mm diameter) with a center hole (10 mm diameter, for comparability to experiments with methylene blue 26 ). The cut membranes were secured to 6-well plates (ThermoFischer Scientic) with double-sided tape. Diclofenac sodium salt (25 mg L À1 or 5 mg L À1 , 4 mL) was added to the well (ca. 1 cm height of solution in the well) with the membrane and the well plate was shaken in dark for 30 min for complete adsorption to take place. The mass of the plate was recorded to even out the loss of water during photocatalysis due to evaporation. The well plates were irradiated with a UV-A sunlamp (Heraus Original Hanau Suncare tanning tube 21/25 Slim, radiant ux density 7.6 mW cm À2 ). Aer certain time intervals the loss of water was valued by adding water to the well until the initial mass was reached and 60 mL (25 mg L À1 diclofenac) or 350 mL (5 mg L À1 diclofenac) of the solution was transferred to a UV-light transparent 96-well plate (UV-Star microplate, Greiner Bio-One) to measure the absorption at 276 nm using an Innite M2 UV-Vis spectrophotometer (Tecan Group Ltd; Switzerland). The solution was transferred back to the 6-well plate and the plate was placed again below the UV-A sunlamp. Photolysis was measured with the same method excluding the membrane from the well. The rate constant was evaluated via rst order kinetics. The slope of logarithmic c/c 0 (where c is the concentration of diclofenac at time x of the photocatalytic degradation and c 0 is the initial concentration of diclofenac) over time is the rate constant.
The cross-ow experiment was operated with a self-built setup that is schematically shown in Fig. 1 . The membranes were cut into circles (47 mm diameter) and placed onto the sample holder of the cross-ow apparatus. Diclofenac solution (25 mg L À1 or 5 mg L À1 , 80 mL) was added to the ask. Firstly, the system was operated for 30 min without UVA-light for complete dark adsorption to take place. The vacuum pump was set to 800 mbar and the membrane pump was started. The solution circulated from the ask to the membrane and through the membrane back to the ask. The inow of the membrane pump was regulated by monitoring the liquid overlap (ca. 1 cm) on the membrane with a laser. By turning on the UV-LED lamp (6 UV-LED lights arranged in a circle, 365 nm, 7.5 mW cm À2 , LZ1_00U600, LedEngin Inc.) the photocatalytic degradation was started. The decline in absorption at 276 nm was measured periodically in the spectrometer by transferring 60 mL (25 mg L À1 diclofenac) or 350 mL (5 mg L À1 diclofenac) from the ask to a 96-well plate (UV-Star microplate, Greiner Bio-One). The solution was transferred back to the ask aer measuring the absorption. The total organic carbon (TOC) value was measured aer 5 days and 10 days for the 25 mg L À1 diclofenac solution (the TOC value of the 5 mg L À1 diclofenac solution was below the detection limit). 50 mL of the sample was transferred to a ask by the liquid TOCII (elementar Analysensystem GmbH) and the TOC value of each sample was measured three times.
Evaluation of toxicity
The toxicity of untreated and treated (photocatalysis and photolysis) diclofenac was evaluated by monitoring the viability of Saccharomyces cerevisiae (baker's yeast).
The yeast was stored at 10 C. For cultivation, 1 mg of yeast and 30 mg of D(+)-glucose were suspended with 500 mL of treated (photocatalytically or photolytically) or untreated diclofenac solution to a 48-well plate. A water-yeast suspension without any diclofenac was prepared as a control sample (reference). The culture was incubated at 37 C and was shaken for 4 h.
To measure the viability, the culture was treated with uorescein diacetate (FDA). As FDA is membrane-permeable it can penetrate into yeast cells and is cleaved by the intracellular esterase of living cells to uorescein. 33 Fluorescein can be detected by uorescence measurements (excitation 488 nm, emission 543 nm). Thus, a 0.2 mg L À1 solution was prepared by diluting a stock solution of FDA (5 mg L À1 in acetone, stored at À20 C) in water right before adding it to each well (100 mL). The well plate was covered with aluminum foil and shaken for 10 min at room temperature. The amount of viable cells was measured via a spectrometer.
Results and discussion
Assembly and crystallization of TiO 2 nanotubes on the membrane
The formation of TiO 2 nanotubes on a PES membrane has been described elsewhere 26 thoroughly. Usually the upscaling of the anodization to a larger area 34 causes no problem as the titanium support can conduct large currents without causing any damage. Upscaling is not addressed in many publications as the focus has been directed only on the length [35] [36] [37] [38] and on the geometrical features 39-41 of the nanotubes. In general, the temperature increases when the anodized area is enlarged due to the elevated ow of current, oxidation and etching during anodization. The electrolyte solution can remove the heat efficiently. However, at the interface of air and electrolyte solution (see Fig. 2 ), liquid was drawn up at the membrane. Therefore, anodization was also taking place at the part of the titanium- Electrolyte was soaked up at the part of the anode above the interface leading to increased temperature and a higher anodization rate. membrane-anode, which was not in direct contact with the electrolyte solution. The material heated up in this part was due to air being a poor heat conductor. By enlarging the anodized area the overall current increased, which led to an elevation in heat production. The PES membrane (glass transition temperature of 204 C (ref. 42)) could not withstand such high temperatures leading to current breakdown at an early stage of the anodization. A different experimental setup to avoid the generation of heat (titanium support contacted and pressed against an O-ring inside the electrolyte solution) 35 was not possible because the membrane material is insulating and permeable. The generation of TiO 2 nanotubes on other support materials mostly uses high-temperature resistant materials like metals, glass, wafer, ITO, clay or Kapton. 37,43-54 Only Galstyan et al. 47 and Nanjo et al. 46 used low-temperature resistant polymers, namely PET (polyethylene terephthalate) and PEN (polyethylene naphthalate), respectively. PEN can resist higher temperatures than PET (glass transition temperature of 76 C (ref. 55) ). 56 Both the polymers were additionally covered with a lm of ITO. Neither Galstyan et al. 47 nor Nanjo et al. 46 described any of the problems arising due to the generation of heat, and the sample dimensions also was not specied. With small sample dimensions less heat will be generated and the heatfactor can be neglected (as it was also experienced in the previous study 26 ).
To avoid the high temperature, an iced metal block was pressed against the membrane in the interface region so that the heat was removed and the anodization of titanium to TiO 2 nanotubes on the membrane samples (with an area of 60 Â 70 mm) was possible (Fig. 3) .
The TiO 2 nanotubes were crystallized via vapor-water to gain photoactive nanotubular TiO 2 on top of the membrane (Fig. 3c ). 26 
Water permeation ux
Due to the addition of 900 nm titanium on the membrane surface, the pore size of the membrane decreased ( Fig. 4) ; moreover, the water permeation ux was reduced from 122 mL min À1 cm À2 bar À1 to 88 mL min À1 cm À2 bar À1 (Fig. 5 ). Adding such a thick lm to a microltration membrane will change its membrane performance. The normally used 0.22 mm PES membrane was completely occluded when a 900 nm lm of titanium was sputtered to it. 26 Therefore, the permeation ux of the coated membrane showed a good value when comparing the water permeation ux of the unmodied 0.22 mm membrane with a value of 32 mL min À1 cm À2 bar À1 with the permeation ux of the titanium coated 0.45 mm membrane of 88 mL min À1 cm À2 bar À1 . The anodization and crystallization did not change the permeation ux leading to a good value of 88 mL min À1 cm À2 bar À1 for the end product.
Water contact angle
The water contact angle was measured on a Si wafer to just gain the water contact angle values of the TiO 2 nanotubes and not of the membrane substructure. The measurement of water contact angles on hydrophilic microltration membranes with the sessile drop method is challenging due to the capillary forces of the membrane. Usually the membrane needs to be pressed in order to measure a proper value. 32 However, if the membrane with TiO 2 nanotubes was pressed, the TiO 2 nanotubes would be destroyed. The structuring of the titanium lm (with a thin natural TiO 2 layer on top) to form amorphous TiO 2 nanotubes increased the water contact angle from 62 to a hydrophobic surface of 105 ( Fig. 6 ). In general, an increase in roughness results in either an increase or decrease of the water contact angle. For TiO 2 nanotubes, the water contact angle usually drops. 57, 58 Yoriya et al. 59 have shown that the water contact angle differs between TiO 2 nanotubes with different tube spacing. Large tube to tube spacing leads to higher contact angles, while densely packed TiO 2 nanotube arrays generate lower contact angles. The nanotubes formed here have a high tube to tube spacing (Fig. 3b ), which can be the reason for the hydrophobic properties. The crystallization of the TiO 2 nanotubes led to the hydrophilization of the surface with a contact angle of 25 . This effect has been described in previously reported studies [57] [58] [59] [60] and can be explained by the effect of decreasing the tube to tube spacing. 59 Due to the crystallization, the tube walls did grow and tube spacing was lost (Fig. 3c) , which led to a decrease in the water contact angle.
Binding performance of the TiO 2 nanotubes
The TiO 2 nanotubes on the PES membrane were tested for their stability by applying a horizontal force executed by a continuous stream of water. The special morphology of the nanotubes on the membrane (Fig. 3 ) exhibited many attacking sides due the porous structure of the membrane and the nanotubes being aligned into different directions. The TiO 2 nanotubes did not break up in detectable dimensions from the membrane (Fig. 7e and f) nor show signicant change in the structure or loss of nanotubes, when examining the surface at a higher magnication ( Fig. 7b and d) . Up to ve different spots on the membrane were surveyed, none of which showed any signicant difference from the images displayed here. Breakage was expected, especially at the creases (due to the substructure of the membrane), but only one spot was found, where TiO 2 nanotubes were detached from the surface. This spot is most likely not because of the detachment due to the water stream, but could be from the handling of tweezers.
FESEM images of the nanotubular TiO 2 -PES membrane exposed to 10 days of cross-ow with water (800 mbar) also showed no breaking of the TiO 2 nanotubes (Fig. 8) from the membrane surface.
Degradation of diclofenac
The photocatalytic activity of the nanotubular TiO 2 -PES membrane has been shown recently in degrading the wellstudied dye methylene blue. 26 In Fig. 9 (a) the degradation of diclofenac is shown for the static setup. The photocatalysis of diclofenac proceeds via hydroxyl derivative generation, ring opening and nal mineralization. 61 In the beginning (rst 60 min) the degradation of a diclofenac solution with an initial concentration of 25 mg L À1 was quite similar to the degradation rate of a diclofenac solution with an initial concentration of 5 mg L À1 (Fig. 9(a) and Table 1 ). But aer 60 min of photocatalytic treatment, the degradation rate slowed down for the diclofenac solution with an initial concentration of 25 mg L À1 . This is also demonstrated when calculating the rate constant in the range of 60 to 240 min (Table 1 ), in which the value decrease by a factor of more than four. 94% of the diclofenac solution with an initial concentration of 5 mg L À1 was degraded aer 240 min. The photolysis of diclofenac was slow and did not reach values below 30% of degraded diclofenac aer 240 min. The rate constant is comparable to the values determined by Méndez-Arriaga et al. and Rizzo et al. (1 Â 10 À2 to 1 Â 10 À3 min À1 ), 62, 63 and it depended strongly on the loading of catalyst and concentration of diclofenac. The degradation rate increased with a lower initial concentration of diclofenac 63, 64 (Fig. 9(a) and Table 1 ).
The degradation of diclofenac in a continuous way (cross-ow) for the two different concentrations is shown in Fig. 9(b) . Within the rst three days of photocatalysis, the degradation did not vary between the diclofenac solutions with different concentrations. Aer 4 days the degradation of the 5 mg L À1 diclofenac solution increased (42% and 28% of diclofenac are degraded for 5 mg L À1 and 25 mg L À1 , respectively). Fig. 6 The water contact angle of Si wafer covered with a layer of titanium (Ti), with amorphous TiO 2 nanotubes (TiO 2 NT amorphous) and with crystallized anatase TiO 2 nanotubes (TiO 2 NT anatase) is displayed. Fig. 7 FESEM and photographical images of the TiO 2 nanotubes on the PES membrane (as-anodized (a, b and e) and crystallized (c, d and f)) before and after the stability test. The TiO 2 nanotubes on the membrane were tested on their stability by applying a horizontal force of a water stream to the membrane surface (b, d, e, and f). Aer 18 days of photocatalysis, the diclofenac solution with an initial concentration of 5 mg L À1 was degraded 100%, while the degradation of the diclofenac solution with an initial concentration of 25 mg L À1 needed to be continued further to gain 100% removal (estimated via a single exponential decay tting). The photocatalytic conversion using the cross-ow setup also followed the general rule that with a lower initial concentration, the degradation rate is increased as it has also been found in the static experiment and is described in previous reports. 64 The photolysis (demonstrated by repeating the cross-ow experiment with membranes with amorphous TiO 2 nanotubes) of diclofenac was slow and did not reach values below 35% of degraded diclofenac aer 10 days. The photolytic degradation of the diclofenac solution with 25 mg L À1 initial concentration was higher compared to diclofenac solution of 5 mg L À1 initial concentration. The photolysis of the solution with the higher initial concentration could have been affected by the precipitation of diclofenac at low pH values. Diclofenac might be not degraded but instead was adsorbed at the membrane in form of precipitates. Diclofenac does precipitate during photolysis due to the formation of hydrochloric and carboxylic acids and a resulting pH drop was observed. 65 The solubility of diclofenac was reduced with decreasing pH. 66, 67 The photolysis of the diclofenac solution with a lower initial concentration might not have been affected by precipitation as the generation of hydrochloric and carboxylic acids was limited with lower concentration and/or the solubility at 5 mg L À1 was still maintained.
The TOC value matched the value generated by the spectrometric analysis of the diclofenac solution aer degradation to a high degree. The obtained TOC values were below the spectrometric values. Mineralization should be slower, 61 but taking the value at a progressive stage in the degradation (intermediates might be already degraded as well), having the eventual intermediates also absorbing at 276 nm and/or intermediates that are strongly bound to the catalyst might be the reason for the low TOC values. 64 Another reason could be that diclofenac and its transformation products might also be further transformed by solar radiation 68 during the TOC measurement. Spectrometric analysis was carried out immediately aer sample withdrawal, whereas the actual measurement of the sample in the TOC device took up to 4 h. The evaluation of TOC values for the diclofenac solution with an initial concentration of 5 mg L À1 were not reasonable as the values for the degraded product were found to be below the detection limit.
The degradation rate of the cross-ow experiment was low when compared with the static experiment that had degradation rates about 100 times higher (Table 1) . A direct comparison between these two experimental setups is not reasonable due to the difference in the membrane area, volume of diclofenac solution and amount of solution being non-irradiated in the ask and tubes during the cross-ow experiment. The membrane area (amount of catalyst) and the volume (water with diclofenac) increased from the static to the cross-ow experiment (4.1 cm 2 to 12.6 cm 2 and 4 mL to 80 mL). In addition, only 20% of the solution was irradiated at a time in the cross-ow setup leaving 80% unused in the ask and tubes. In order to Fig. 9 (a) The degradation of diclofenac was followed via spectrometry (initial concentration of 5 mg L À1 and 25 mg L À1 ) in the static (a) and cross-flow (b) setup. A TOC value was generated for the intermediate and end product of the photocatalysis and the end product of the photolysis of the diclofenac solution with an initial concentration of 25 mg L À1 in (b). The degradation progress in (b) was fitted via single exponential decay fitting (y ¼ y 0 + ae kx , y 0 is the value at the start, a is the amplitude and k the rate of decay) executed with OriginPro 9 g software. yield higher degradation rates, the experimental setup of the cross-ow experiment needs to be optimized. There was some fouling visible on the membrane aer 10 days of the cross-ow experiment (Fig. 8) . TiO 2 is a well-known antifouling agent, 18, 69, 70 which reduces the fouling of organic membranes, but with 10 days of constant water ow through the membrane and the fact that only the top part of the membrane was coated with TiO 2 nanotubes did induce some fouling. FESEM images reveal some darker spots on the surface, which can be assigned to fouling (Fig. 8) . The application of larger pore size membranes as support materials will be a reasonable way to avoid the effect of fouling and to gain higher uxes.
Toxicity
The toxicity of diclofenac (25 mg L À1 ) treated photocatalytically and photolytically in a static setup and the toxicity of diclofenac (25 mg L À1 ) treated photocatalytically in a cross-ow setup was monitored (see Fig. 10 ). The untreated diclofenac with a concentration of 25 mg L À1 showed a high toxicity towards yeast (low cell viability). The small variance in the cell viability of the untreated diclofenac solution (25 mg L À1 ) of the two tests in (a) and (b) resulted from a different charge of yeast cells. The cell viability increased due to the treatment of diclofenac via photocatalysis (with the nanotubular TiO 2 -PES membrane and UVAlight) in the static and the cross-ow experiments ( Fig. 10(a) and (b)). Treatment via photolysis (only UVA-light) in the static experiment in Fig. 10(a) also increased the cell viability, but to a lower degree compared to the photocatalysis method. Aer 25 min of UV exposure, the viability was almost the same for photocatalytically and photolytically treated diclofenac (16% and 15%, respectively) and also the degradation rate of diclofenac differed only by a small margin (22% by photocatalysis to 14% by photolysis of degraded diclofenac) in the static experiment. The difference between the viability/degradation value of photocatalytically and photolytically degraded diclofenac increased with proceeding UV exposure towards higher viability and degradation for the photocatalytic treatment.
Rizzo et al. 63 as well as Achilleos et al. 64 saw in the rst 15 to 20 min of photocatalytic treatment an increase, and from 30 to 60 min a decrease and again at 120 min an increase in toxicity. The increase in toxicity in the rst 20 min was attributed to generation of intermediate toxic products (formation of chloroderivatives), 61 which were degraded aer 20 min. The two studies only monitored the toxicity of diclofenac for up to 120 min of degradation, where the toxicity again increased. In this study a photocatalytic treatment up to 480 min in the static experiment and up to 21 days in the cross-ow experiment induced a further increase in cell viability instead, showing that TiO 2 was able to decrease the concentration of toxic compounds on a longer time scale. It is important to completely degrade diclofenac and its intermediate products in order to gain a less toxic solution without any toxic photocatalytic/photolytic intermediates.
Conclusion
The nanotubular TiO 2 -PES membrane showed very good properties as a photocatalytically active membrane system, enabling the complete degradation of diclofenac and its toxic degradation products in a continuous way. It can be concluded that:
Cooling of the membrane at the boundary of the solution to air avoided high temperatures and the breakdown of voltage so that the generation of TiO 2 nanotubes on larger membrane areas was successful.
The TiO 2 nanotubes were strongly bound to the support membrane. There was neither large breakage nor visible damage aer treating the nanotubular TiO 2 -PES membrane with a constant stream of water horizontal to the membrane or during cross-ow ltration.
Amorphous TiO 2 nanotubes normally exhibit hydrophobic properties but become highly hydrophilic aer crystallizing them with water vapor at 110 C. This can be explained by the loss of tube spacing as the tube walls grew during water vapor crystallization.
The degradation of diclofenac in both static and cross-ow experiments was possible. The degradation rate was higher for diclofenac solutions with a lower initial concentration. Membranes with higher pore diameters seem to be more suitable for cross-ow applications.
The toxicity of photocatalytically or photolytically treated diclofenac towards yeast was reduced with ongoing treatment, showing a higher decrease for the photocatalytically treated diclofenac solution. It is important to fully degrade diclofenac to obtain a non-toxic product.
